We have comparatively evaluated the efficiency of a series of retroviral vectors transducing the gp91-phox gene, whose defects are responsible for impaired production of superoxide anion (O 2 − ) by phagocytic cells and lead to the X-linked form of chronic granulomatous disease (X-CGD). These vectors included four constructs based on the MoMuLV backbone and expressing gp91-phox from the viral long terminal repeat (LTR) or from internal promoters, and one construct based on the myelotropic FMEV vector. Expression of the therapeutic gene from the MoMuLV LTR was unsatisfactory after transduction of the PLB985 X-CGD knockout cell line and of primary CD34
Introduction
Genetic modification of the pluripotent hematopoietic stem cells (HSCs), defined by the capacity for extensive self-renewal and retention of multilineage differentiation potential, offers the possibility of permanent treatment of several inherited and acquired disorders. 1 In the last few years, methods based on viral vectors have been developed for the transfer of therapeutic or marker genes into these cells. In particular, the features of murine retroviral vectors have been largely exploited, due to the property of these viruses to integrate into the host chromosome and to persist in the progeny derived from the transduced cells. However, the general outcome of a number of phase I gene therapy trials, as well as of several gene marking studies performed by gene transfer gene expression at the single cell level, over 150 cellular clones were generated from bulk cultures of PLB985 X-CGD cells transduced with this vector, each one representative of an individual transduction event. These clones revealed a markedly heterogeneous pattern of gp91-phox expression, ranging from complete silencing to full restoration of superoxide production. Within each clone, expression of the therapeutic gene correlated with the number of expressing cells rather than with the average levels of expression from each cell, indicating that at the single cell level, the proviral promoter is regulated by a binary, on/off mechanism. Moreover, both transduced bulk and clonal cell populations displayed a tendency to a progressive extinction of expression over time, with a mechanism involving LTR methylation. The design of novel retroviral vectors escaping silencing is highly desirable for efficient gene therapy. Gene Therapy (2000) 7, 153-166.
into HSCs by retroviral vectors, have been much less successful than predicted from experiments in in vitro cultured cells and in animal models. [2] [3] [4] [5] [6] [7] [8] There are several reasons accounting for the generally unsatisfactory results of HSC gene therapy. On one side, the currently available protocols for HSC identification, purification, manipulation and transduction are inadequate, especially with regard to the possibility of achieving high levels of gene transfer while maintaining the staminal properties of these cells. On the other side, successful gene therapy of HSCs, in addition to high efficiency of transduction, also requires expression of the introduced gene at levels able to produce a therapeutic benefit in the bone marrow repopulating progenitors and in their mature progeny. In this respect, the current generation of retroviral vectors in several cases failed to achieve high level and sustained gene expression of the transferred gene with lineage differentiation. 3, 8 One of the diseases that will benefit from gene therapy of HSCs is chronic granulomatous disease (CGD), an inherited disorder of phagocytic leukocytes characterized by severe and recurrent bacterial and fungal infections of several organs. This disease is due to the inability of the phagocytic NADPH oxidase to catalyze the production of superoxide anion (O 2 − ) and to kill invading micro-Gene Therapy organisms after phagocytosis. In several respects, CGD is an ideal candidate hereditary disorder for which a gene therapy-based approach is appropriate. The disease phenotype is restricted to phagocytic cells (granulocytic leukocytes and macrophages), and thus amenable to treatment by gene transfer into the HSCs. It can be expected that the complete correction of the respiratory burst activity in even as few as 10% of circulating phagocytes might decrease the susceptibility to infection in CGD patients, as inferred from studies of female carriers of the X-linked form of the disease (X-CGD) and of some individuals displaying less than 10% of normal cells in the absence of clinical symptoms. 9 In addition, several cellular models of the disease exist, in which the lack of production of NADPH oxidase is assessable by simple biochemical assays. These include B cell lines and primary hematopoietic progenitors derived from the patients, and a cell line obtained by knocking out the gp91-phox gene, whose defects are responsible of X-CGD. 10 Toward the goal of developing a gene therapy treatment for X-CGD, which accounts for the majority of CGD cases, we have previously shown that a Moloney-based retroviral vector (pBabeHygro/gp91-phox) was able to reconstitute the defective NADPH oxidase activity in selected B-lymphoblastoid cell lines established from patients as well as in hematopoietic X-CGD progenitors. 11 However, the efficiency of expression of the therapeutic gene was poor in the differentiated myeloid progeny transduced with this vector. Here we address the problem of overcoming the down-regulation of expression of Moloney-based retroviral vectors, and compare the performances of five retroviral vectors driving the expression of the therapeutic gene from strong constitutive and inducible promoters, or from a myelospecific LTR.
Results
Functional correction of NADPH oxidase activity by retroviral vectors with internal constitutive and inducible promoters Construction of Moloney-based vectors with internal promoters: In the last years, we have shown that a retroviral vector based on the pBabe backbone 12 and expressing the gp91-phox gene from the Moloney LTR promoter could rescue the CGD phenotype in lymphoblastoid B cell lines and primary CD34
+ cells of X-CGD patients. 11 However, expression of the therapeutic gene was unsatisfactory in both cellular environments using this vector, despite the very high efficiency of transduction obtained. As a first attempt to improve the levels of gp91-phox gene expression, we constructed a series of modified pBabeHygro vectors (Figure 1 ), based on the original backbone (pBabeHygro/gp91-phox, here named pBH/gp91 for short) and expressing the coding region of the gp91-phox cDNA from different internal promoters. These included the constitutively active cytomegalovirus (CMV) immediate-early and herpes simplex virus (HSV) thymidine kinase (TK) promoters, and a synthetic promoter that consists of the TK minimal promoter with an upstream element conferring strong inducibility by cell treatment with interferon gamma (IFN-␥). IFN-␥ was selected as an inducing agent since this drug is commonly used for the pharmacological therapy of CGD patients, 13 given its property of increasing non-oxidative mechanisms of phagocyte function. A schematic representation of these vectors is shown in Figure 1 .
The IFN-␥ responsive element of vector pBH-IRE-TK/gp91 consists of a synthetic palindromic element, whose sequence is shown in Figure 1 . The symmetrical arms of this element contain a duplication of the 3′ half site of the ␥RE-1 element, controlling IFN-␥ inducibility of the mig (monokine induced by gamma interferon) gene.
14 This palindrome (␥IRE) was assayed for its ability to confer responsiveness to a minimal TK promoter via transient transfection in HeLa (epithelial) and HL60 (myeloid) cell lines when cloned upstream of the CAT reporter gene. As shown in Figure 2b , and in agreement with published observations, 14 the presence of ␥IRE determined an increase in CAT expression by approximately 40 and 20 times in HeLa and HL60 cells, respectively, after treatment with IFN-␥. In contrast, CAT expression from the minimal TK promoter only was unaffected by drug treatment.
Infectious viral preparations for all four vectors were obtained by transfection of the PA317 amphotropic cell line with the relevant plasmids together with plasmid pSV2neo, followed by selection of transfected clones with G418. The best producer packaging clones were selected by an already described quantitative titering procedure scoring for the formation of proviral DNA molecules upon addition of the vector-conditioned supernatant to human 293 cells. 15 The best producer clones had titers of 2.0 × 10 5 , 2.5 × 10 5 , and 3.5 × 10 5 provirus-forming particles per milliliter supernatant for the pBH-CMV/gp91, pBH-TK/gp91, and the pBH-IRE-TK/gp91 vectors, respectively. It is interesting to note that all these titers are significantly lower than those obtained for pBH/gp91 (1.2 × 10 6 provirus-forming particles per milliliter supernatant), thus reinforcing the notion that the presence of additional transcriptional units within a retroviral backbone negatively interferes with particle production. 16 Functional restoration of oxidase activity by MoMuLVbased vectors: The activity of the four pBabe-based vectors was assessed by transduction of the human myeloid cell line PLB985 X-CGD, obtained by M Dinauer and collaborators by knocking out the gp91-phox gene. 10 After several weeks selection with high doses of hygromycin B, the transduced cell populations were induced to differentiate with retinoic acid and dimethylformamide and assayed for NADPH oxidase activity by a luminol-based chemiluminescent assay. 11 The results of these assays are shown in Figure 2c . Cell transduced with all vectors underwent a respiratory burst peaking a few minutes after PMA stimulation. The presence of either the CMV or the HSV TK internal promoters only modestly increased (less than 30%) the efficiency of functional restoration of oxidase activity as compared to the pBH/gp91 vector or to the vector containing the IFN-␥-inducible promoter in the absence of treatment. In cells transduced with the latter vector, the activity of the NADPH oxidase was consistently increased upon addition of IFN-␥. However, also in this case, the levels of improvement did not exceeded 0.5 times, far below the 20 to 40 times which had been observed by the analysis of the same promoter in the context of the transient transfection experiments scoring for reporter gene activity (Figure 2b ). Taken all together, the above described results indicate that the performance of the analyzed constitutive and inducible promoters is negatively affected when these are embedded in the context of the retroviral construct.
The same vector preparations, with the exception of pBH-IRE-TK/gp91, were also used to transduce hematopoietic progenitors from an X-CGD patient (patient AZ in Ref. 17) . CD34 + cells were purified from peripheral blood, activated, transduced with the retroviral supernatants and cultured in methylcellulose semisolid medium for 21 days. 11 The single colonies obtained were analyzed by PCR to detect the presence of proviral DNA. The results of two separate experiments indicated that the efficiency of transduction varied between 80 and 100% for the vector without internal promoter, and from 30 to 40% for both the vectors containing the internal promoters. Analysis of O 2 − production by differentiated myeloid colonies was performed by a colorimetric assay based on the reduction of nitroblue tetrazolium (NBT assay). Inspection of the methylcellulose plates indicated that transduction with all three vectors resulted in reconstitution of the activity of the NADPH oxidase (shown in Figure 3 for one of the experiments). As comparatively estimated from the intensity of staining, it should be considered, however, that the NBT test is not a strictly quantitative assay, no remarkable differences were observed among cells transduced with the different retroviral preparations.
FMEV-based vector: Due to the above-reported observations and to other studies that suggest that expression Gene Therapy of MoMuLV-based vectors is not optimal in hematopoietic cells, 18 we then constructed a novel myelotropic retroviral vector, pSF2/gp91. This construct is based on the FMEV backbone, and combines the LTR region of spleen focus-forming virus (SFFVp), a member of the Friend mink cell focus-forming virus family, with the 5′ untranslated leader of the Moloney murine sarcoma virus (MoMuSV) and the primer binding site (PBS) murine embryonic stem cell virus (MESV). 19 This hybrid vector was designed in order to combine the elements allowing high levels of transcription in both multipotent and lineage-restricted hematopoietic cells. 19, 20 Moreover, we omitted from the vector any selectable gene to avoid possible internal transcriptional interference (Figure 4a ). This vector was produced by transfection of the retroviral plasmid into PA317 packaging cells together with pSV2neo, selection of G418-resistant colonies and analysis of transduction efficiency of individual colony supernatants using the competitive PCR titration procedure on 293 cells. 15 The colony producing the best titer was used for further experiments. This titer was of 1.4 × 10 6 provirus-forming particles per milliliter supernatant, in the same range as the titer of pBH/gp91.
The ability of this vector to restore the CGD enzymatic deficiency was evaluated in the PLB985 X-CGD cell line. Similarly to experiments reported above for the analysis of the four pBabe-based vectors, PLB985 X-CGD cells were subjected to three rounds of infection by co-cultivation with the packaging cell lines. Under these conditions, the efficiency of transduction varied between 10 and 20% for the four pBabe vectors, and reached 40% of the cells with pSF2/gp91. These values were calculated Gene Therapy a c b
Figure 2 Activity of the ␥IRE element in HeLa and HL-60 cell lines and superoxide production by PLB985 X-CGD cells transduced with the four MoMuLV-based retroviral vectors. (a) Schematic representation of the plasmid constructs used to monitor CAT gene transcription driven by the minimal TK promoter, or from the same promoter with the upstream cloned ␥IRE element. (b) Results of the CAT assays performed with HeLa and HL60 cells after transfection with the two plasmids shown in panel a with or without incubation with IFN-␥ 1000 U/ml for 24 h. For each point, the average levels of three independent transfections are shown, with the indication of the standard errors. (c) Superoxide production by PLB985 X-CGD cells transduced with the four MoMuLV-based retroviral vectors. PLB985 X-CGD cells were transduced with the retroviral vectors pBH/gp91, pBH-CMV/gp91 pBH-TK/gp91 and pBH-IRE-TK/gp91 (see schemes on Figure 1), and selected with hygromycin B to obtain homogeneously transduced cellular populations. Transduced cells were assayed for superoxide production by the luminol assay after differentiation along the granulocytic pathway. IFN-␥ treatment was carried out by 24-h incubation in 1000 U/ml IFN-␥.
according to the number of proviral molecules per diploid genome, as measured by competitive PCR quantification of proviral DNA 15 and of cellular ␤-globin 21 gene copies at 5 days after transduction. Transduced cells were expanded in the absence of any selective pressure and tested, after differentiation, for functional reconstitution of superoxide production by luminol assay. In these conditions, ie in the absence of selection, no evidence of functional correction of the NADPH oxidase defect was detectable with any of the pBabe vectors. In contrast, pSF2/gp91 was able to reconstitute the enzymatic defect, with values that corresponded to approximately 21% of that of a wild-type PLB985 cell line (Figure 4b ).
The better performance of the myelotropic vector was also observed when primary hematopoietic precursors of an X-CGD patient were transduced. pSF2/gp91 and pBH/gp91 virus supernatants were used to transduce peripheral blood CD34 + cells obtained from patient AG of Ref. 17 . Colony assays were established from the transduced cells in methylcellulose medium and after 18 days in culture in the presence of growth factors, myeloid colonies were qualitatively tested for their capacity to reduce NBT. Comparable numbers of colonies were observed in plates transduced with both vectors. Similarly, analysis of the presence of proviral DNA in approximately 20 colonies from each plate indicated a
Figure 3 Functional reconstitution of NADPH oxidase activity in X-CGD hematopoietic precursors infected with the pBH/gp91, pBH-CMV/gp91 and pBH-TK/gp91 retroviral vectors. Bone marrow CD34 + cells from an X-CGD patient were transduced with the three retroviral supernatants after 24 h stimulation with cytokines (three plates on the lower row). After 3 weeks of culture, colonies were reacted with the nitroblue tetrazolium assay (NBT) and photographed. The intensity of the blue staining indicates that the three vectors are able to functionally reconstitute the oxidase activity at comparable levels in the X-CGD myeloid colonies. Differentiated myeloid colonies from a healthy individual (upper right plate) and untransduced colonies from the same X-CGD patient (upper left plate) are shown as positive and negative NBT controls respectively.
transduction efficiency of 80% with both vectors, similar to previously reported evidence. 11 However, as shown in Figure 4c , both the intensity of staining and the number of stained colonies were higher in plates containing cells transduced with pSF2/gp91 as compared to those with cells transduced with pBH/gp91.
Dynamics of proviral gene expression at the single cell level
Selection of individual transduced clones: The above results obtained from the comparative analysis of the five retroviral vectors indicated that the outcome of retroviral transduction is functionally dependent on retroviral design. In particular, they showed that the performances of the pBabe constructs and of pSF2/gp91 were clearly different in PLB985 X-CGD cells. To gain further insights into the mechanisms regulating the dynamics of transgene expression, single cellular clones were isolated starting from the population of cells transduced with both pBH/gp91 and pSF2/gp91. This analysis was performed by limiting dilution and in the absence of any selective pressure. For each vector (Table 1) , approximately 150 independent clones were obtained, which were analyzed for both superoxide production using the NBT test and presence of proviral DNA by PCR amplification. Remarkably different results were obtained for the two vectors. None of the clones obtained after transduction for pBH/gp91 (out of 143 analyzed) were positive for superoxide production in the NBT assay, while 19 out of 153 were positive among those obtained from the cells transduced by pSF2/gp91. In contrast, the efficiency of transduction of the two vectors was comparable, since the presence of proviral DNA was found in 37 of the 133
Gene Therapy analyzed clones obtained by transduction with pSF2/gp91 and in 25 out of the 129 clones obtained by transduction with pBabeHygro/gp91. These transduction results are in broad agreement with the efficiency of transduction measured by competitive PCR quantification of proviral DNA molecules in the bulk transduced cell populations before limiting dilution. Thus, in several clones transduced with pSF2/gp91 and in virtually all the clones transduced with pBH/gp91 functional expression of the provirus was not detectable.
Transgene expression levels in single transduced clones:
The issue of silencing of provirus gene expression was further quantitatively addressed by the analysis of provirus-positive PLB985 X-CGD cell clones obtained for the two vectors. First, 10 randomly chosen clones were analyzed by Southern blotting, which confirmed that each one was the product of a different clonal integration event. Additionally, in these clones we also simultaneously measured, by competitive PCR, the number of proviral DNA and ␤-globin gene DNA molecules, which indicated that each clone contained an average number of one copy of provirus per cell (not shown). When analyzed for superoxide production by the luminol assay, none out of 20 clones containing pBH/gp91 expressed more superoxide than non-transduced PLB985 X-CGD cells. In contrast, superoxide production was very heterogeneous in clones transduced with pSF2/gp91, as shown in Figure 5a . Oxidase levels ranged from background values in several clones, to near wild-type values in others. Thus, Moloney LTR-driven expression is completely shut off while expression from the myeloid pSF2 LTR displays ample variability, possibly related to each independent integration event. Which are the molecular mechanisms determining the expression levels of the provirus in the individually transduced clones? Experimental evidence indicates that methylation of the cytosines within the CpG dinucleotides is associated with the silencing of gene expression in mammalian cells. 18, 22 To understand whether cytosine methylation could be actually involved in the extinction of gene expression from the transduced viral LTR, we analyzed the susceptibility of DNA extracted from different clones to cleavage with SmaI, a restriction enzyme whose activity is inhibited by cytosine methylation within the recognized sequence. Two SmaI sites are present in the LTR sequence of the pSF2 proviral construct and one in the LTR of the pBabe provirus (Figure 5b ). Southern blotting with DNA from selected clones, analyzed by restriction with SmaI and hybridization with a probe corresponding to the packaging signals of the two viruses, showed that the expected restriction band was detectable only in few clones transduced with pSF2/gp91 and in none of the clones transduced with pBH/gp91 (Figure 5b ). In contrast, all DNA prepared from all the analyzed cell clones was susceptible to restriction with enzymes that are not susceptible to methylation inhibition (KpnI for pBH/gp91 and EcoRV for pSF2, Figure 5c ). The clones containing a SmaI-cleav- Gene Therapy able DNA in the LTR region were those which scored highly positive in the luminol assay shown in Figure 5a (clones 63, 62, 49 and 10). Thus, a strict correlation exists between LTR methylation and levels of transgene expression.
Intra-clonal mosaic expression pattern: The variability of expression levels among the different clones transduced with pSF2/gp91 underlines the importance of the individual integration events in determining the probability of promoter extinction, most probably through LTR cytosine methylation. To gain further insights into the molecular mechanism controlling permissivity or extinction of transgene expression, we analyzed the single pSF2/gp91 positive clones by the colorimetric NBT assay. Contrary to luminol analysis, which measures the average levels of superoxide production of the bulk population of cells, this test allows the evaluation of NADPH oxidase activity at the single cell level. The pictures obtained with some of the analyzed clones are shown in Figure 6 . For each clone, all the individual cells were genetically identical, resulting from the expansion of a single transduction event but, surprisingly, they showed a composite pattern of oxidase function, with some of the cells staining as positive as the wild-type control and other cells as negative as the parental transduced cells. In each clone, the overall value of functional activity measured by luminol activity (Figure 5a ) did not correlate with the
Figure 6 Efficiency of superoxide production at single cell levels in different clones. The indicated clones transduced with pSF2/gp91 were assayed for superoxide production by the NBT test. All cells in each clone are isogenic and harbor one to two copies of proviral DNA, as evaluated by competitive PCR quantification. Within each clone, provirus expression is silent in a variable proportion of cells. This proportion correlates with the average level of superoxide produced by the clone as a whole (Figure 5a). All positive cells show similar intensity of staining. wt, PLB985; X-CGD, PLB985 X-CGD.
average level of expression of each cell, but with the total number of expressing cells. In highly expressing clones (such as clone 10), most of the cells (82%) stained dark in the NBT assay, while in poorly expressing clones (such as clone 66) only few cells (1.9%) scored positive. When the percentages of cells positive at the NBT test were correlated with the average levels of superoxide production (Figure 5a ), for all the analyzed clones a correlation coefficient of 0.98 was found. Thus, what distinguished the overall performance of each clone was the percentage of positive cells, which varied widely among the different clones, rather than the average levels of expression of each cell. These results suggest that the LTR promoter activity is governed by an on/off mechanisms which acts independently in each cell.
Extinction of LTR expression over time:
Next, we assessed the stability of oxidase activity in transduced cells over time. Both the individual cell clones with high levels of expression of superoxide (clones 10, 63, 62; not shown) and the bulk of PLB985 X-CGD cells transduced with pSF2/gp91 (shown in Figure 7 ) were analyzed for superoxide production while kept in culture for over 6 months. During this time period, the percentage of provirus containing cells remained constant, as evaluated by competitive PCR, indicating that there was no selective pressure against the maintenance of the transduced cells. However, the levels of superoxide production progressively diminished. Starting with approximately 20% of luminol activity as compared with wild-type PLB985 cells at a few days after transduction, less than 3% of activity remained
Figure 7 Time-dependent extinction of NADPH oxidase activity. PLB985 X-CGD cells transduced with pSF2/gp91 were kept in culture in the absence of any treatment for up to 6 months. At the indicated time-points, the number of provirus-containing cells was measured by competitive PCR (scale on the right side) and the levels of superoxide production were evaluated by the luminol assay (scale on the left side, expressed as a proportion of wildtype PLB985 cells). The proportion of superoxide produ-cing cells at the different time-points was evaluated by the NBT assay (shown for days 5, 100 and 180; percentages of NBT-positive cells: 17%, 8%, 1.5%, respectively).
after 6 months of culture. In agreement with the results obtained by the analysis of the individual transduced cell clones, the levels of luminol production over time correlated very well (0.98 correlation coefficient) with the number of NBT positive cells in the culture. These results indicate that proviral gene expression is subjected to progressive extinction by silencing of the individual expressing cells.
Discussion
Successful correction of CGD, an inherited disorder specific to phagocytic leukocytes, requires high level and sustained expression of the therapeutic gene in the myeloid progeny of transduced hematopoietic stem cells. In this work we comparatively address the study of the properties of five retroviral vectors designed for gene transfer of the gp91-phox cDNA in the myeloid environment. Four of these vectors are derived from the Moloney murine leukemia virus, while one is an FMEV-based vectors designed for expression in the myeloid and embryonic stem cell environment. Analysis of the efficiency of pBH/gp91 indicated that the levels of expression of gp91-phox from these vectors were not sufficient to guarantee full restoration of the enzymatic activity in transduced X-CGD hematopoietic progenitors, 11 as well as in the X-CGD knock out PLB985 cell line. These unsatisfactory results are not related to the efficiency of transduction with this vector, since in several experiments, performed by transduction of human progenitor cells, a very high frequency of proviGene Therapy rus positive myeloid colonies were obtained (60-100%), 11 in agreement with findings observed also by other investigators. 18 MoMuLV-based retroviral vectors have been extensively used for gene transfer in hematopoietic cells and successful and persistent gene expression has been reported in some instances. 7, 23 On the other hand, other studies have shown that gene expression from the MoMuLV LTR is inefficient in murine embryonic stem cells 24, 25 as well as in murine and human hematopoietic cells, 16, 18 and that this inefficiency is related to the methylation of the cytosine residues within the CpG dinucleotides of the LTR, see below. 18, 26, 27 Modified pBabe vectors, expressing the gp91-phox gene from constitutive internal promoters, could be produced only at reduced titers. In addition, expression from the internal promoter itself was not as satisfactory as expected. Problems have been already reported for vectors containing an internal promoter. 16, [28] [29] [30] A phenomenon of promoter interference has been demonstrated for retroviral constructs as reflection of complex and unpredictable interactions, which can result either in enhancement or in silencing of one or both promoters. 31, 32 On the other hand, sequences other than those present in the LTR can influence viral transcription. 33 Indeed, the pBH vectors contain sequence elements, such as the hygromycin resistance gene and a prokaryotic origin of DNA replication, 12 that may contribute to the negative reciprocal interactions that results in poor or absent gp91-gene expression.
Negative interference between the MoMulV LTR and the internal promoter is also suggested for the vector carrying the IFN-␥ responsive element. While this sequence was fully active in the context of a plasmid backbone, it was very poorly inducible by IFN-␥ once cloned inside the retroviral vector. This effect could be related to the known inhibition of the MoMuLV LTR by IFN-␥. 34 In fact, the inhibitory effect of this cytokine can also extend to the repression of other promoters if they are cloned downstream of the viral LTR, possibly because of post-transcriptional downregulation of the proviral mRNA at the level of RNA stabilization. 35 Taking all these considerations together, it appears that the use of simplified retroviral vectors containing a single transcriptional unit is preferable.
Considering the encouraging results obtained by C Baum and collaborators, 19, 20 we switched to a novel FMEV-type vector that combines the enhancer/promoter regions of the LTR of the polycythemic spleen focusforming virus (SFFVp), a replication incompetent murine leukemia virus, with the primer binding site of the murine embryonic stem cell virus (MESV). FMEV-type retroviral vectors have been shown to allow high and persistent expression in both multipotent and lineage committed myeloid cells in vitro and in vivo. 20, 23, 36 As described in Results, pSF2/gp91 was superior in directing the restoration of NADPH oxidase activity both in the X-CGD cell line and in hematopoietic progenitors. This suggests that the alterations introduced in the viral sequence alleviate the repression that is operating in the pBH/gp91 construct, presumably by influencing its ability to interact with positive regulatory factors in the host cell. The most prominent improvements in the architecture of this vector, as compared with MoMuLV vectors, reside mainly in the mutations contained in the enhancer core region, that exhibit a stronger activity in undifferentiated and myeloid cell environments, 37 and in the 18 bp of the PBS for tRNA Glu that, contrary to the Moloney PBS for tRNA Pro , does not overlap with the recognition site of an as yet unidentified transcriptional repressor. 38 By transduction of PLB 985 X-CGD cells in the absence of selective pressure with the pSF2/gp91 vector, but not with any of the Moloney-based vectors, we could obtain appreciable (Ͼ20% of wild-type) restoration of NADPH oxidase activity. The discrepancy between the efficiency of the two types of vectors was still appreciable, even if less pronounced, when they were analyzed by transduction of peripheral blood CD34 + cells. These cells comprise a heterogeneous population of relatively differentiated, lineage-committed hematopoietic progenitors. The different cellular milieux of these cells, as compared with PLB X-CGD cells, most likely determine the relative efficiency of expression driven by the MoMuLV LTR.
Analysis of individual PLB 985 X-CGD clones transduced with the pBH/gp91 and pSF2/gp91 vectors revealed complete silencing of gene expression for the former and extensive variegation of expression for the latter, with NADPH oxidase values ranging from wildtype levels to absence of activity. While the differences in activity of the clones can be accounted for by the different sites of provirus integration, it is of interest to note the mosaic pattern of expression detected within each single clone. Cells which are isogenic, ie derive from the clonal expansion of individual transduction events, nevertheless are either positive or negative for gene expression, and it is the percentage of positive cells in the population, rather than the average value of expression of all cells, that determines the global efficiency of superoxide production of each clone. These results indicate that, at least in PLB 985 cells, the LTR promoter/enhancer is governed by an on/off mechanism that acts independently in each cell. This observation is in favor of the binary model by which enhancers act by increasing the probability of a transgene being active, but not the level of expression per template. 39 This model predicts that, at a defined integration site, expression would be more stable, but not higher, in the presence of an active enhancer. 40 In this context, the results obtained by the analysis of the transduced PLB985 clones indicate that the MoMuLV LTR is much less efficient than the FMEV LTR in counteracting the suppression imposed on provirus gene expression in the hematopoietic cellular environment.
It is of interest to observe that the process of extinction of provirus gene expression is an event whose probability depends on the site of integration (which explains the variable percentages of expressing cells in the different clones) but which acts independently in each cell (isogenic cells can be either on or off). In addition, the progressive silencing of provirus gene expression over time also indicates that epigenetic silencing is inherited by progeny cells. Thus, two factors determine the extent of expression shut-off: first, the timing of the event and second, the number of cells undergoing the off state. Both factors are likely to be dependent on the integration site.
The molecular mechanism by which LTR promoter silencing occurs is very likely related to the remodeling of the chromatin at the provirus integration site. In particular, it is well established that the methylation of the cytosines within the CpG dinucleotides is associated with the silencing of gene expression in mammalian cells. 22 Accordingly, we found that, in individual transduced PLB985 X-CGD clones, LTR methylation correlated with transgene expression. Although we can not exclude that the observed down-regulation of gene expression from the integrated vectors is due to an aberrant methylation activity operating in the PLB 985 cell line, these results are in agreement with other observations obtained in primary cells in culture, as well as in vivo. 26, 41, 42 It has recently been demonstrated that the MeCp1 and MeCp2 proteins, which specifically interact with methylated DNA, mediate transcriptional repression by recruiting the formation of a multiprotein complex including the histone deacetylating enzymes HDAC1 and HDAC2 and the transcriptional co-repressor mSin3a. 43, 44 Repression of transcription would be the result of a coordinated progression of events that could begin with DNA methylation followed by formation of methyl-C binding protein/histone deacetylase complexes that lead to local deacetylation of histones and transgene silencing. 43, 44 In this respect, however, important questions still remain to be answered. In particular, it should be understood whether methylation of proviral sequences is imposed by the already present methylation of the genomic regions flanking the provirus integration site, or on the contrary, whether de novo methylation is a process specific to viral sequences which can be extended to the flanking chromatin. Additionally, it is not clear if de novo methylation is the causative factor determining extinction of provirus gene expression, or if it occurs after transcriptional extinction has been established and contributes to the stability of the repressed state. 45, 46 Since in each transduced cell clone, as well as in the bulk transduced cell population, the number of expressing cells decreases upon prolonged culture, it appears that, in the cellular environment of PLB985 cells, the mechanism determining proviral silencing is irreversible. Also treatments with sodium butyrate and trychostatin (two inhibitors of histone deacetylase enzymes), and 5-azacytidine (a demethylating agent) were not able to relieve the inhibition of the LTR in silenced clones (data not shown).
From the data described in this work as well as from those recently obtained by other investigators, 47, 48 it can be concluded that FMEV-based vector can overcome many of the limitations of the more popular MoMuLVbased retroviral vectors for transduction of hematopoietic cells. These vectors are less prone to integration position variegation effects, and decrease the probability of inactivation of proviral gene expression.
However, extinction of provirus-directed transgene expression is ultimately also occurring for these vectors in PLB 985 cells. Solving this problem will require more in depth analysis of the molecular events governing retrovirus LTR silencing. In particular, it will be important to understand which are the cis-acting genetic elements determining the different rates of promoter extinction of distinct LTRs, which is the role of histone acetylation and deacetylation in this process, and whether it is possible to contrast the inactivation process (for example by the inclusion of insulator sequences) or to revert inactivation when already established.
Materials and methods

Cell lines
The PA317 murine amphotropic packaging cell line, the cervix carcinoma HeLa, embryo kidney 293 and promyelocytic leukemia HL60 human cell lines were obtained from the American Type Culture Collection (Rockville, MD, USA). The human myelomonoblastic leukemia cell line PLB985 49 and its gp91-phox knock-out variant, PLB985 X-CGD, 10 were a kind gift of M Dinauer.
Plasmids and vectors
The pBabeHygro/gp91-phox vector, named here pBH/gp91, has been previously described. 11 For the construction of the pBH-CMV/gp91 and pBH-TK/gp91 plasmids, CMV IE and HV TK promoter fragments (873 bp and 261 bp, respectively) were inserted into the MCS of pBH/gp91 upstream of the coding region of gp91-phox. The two promoter fragments were obtained by PCR amplification using the pCEP4 plasmid (Invitrogen, Carlsbad, CA, USA) as template and specifically tailed primers containing the recognition sequences for the appropriate restriction enzymes: CMV5′BamHI (5′GGCATGGATCCGTCGACCAA TTCTCATGTTT3′), CMV3′EcoRI (5′CATGCGAATTCGCT AGCAGCTGGTACCCAG3′), TK5′BamHI (5′GGCATGGA TCCCGCCATGCC CTGCTTCATCC3′), TK3′SnaBI (5′CA GCTACGTAGATCTGCGGCACGCTGTTGACAG3′).
To obtain plasmid pBH-IRE-TK/gp91, the synthetic ␥-IFN responsive element, composed of a duplication of the 3' half of the imperfect palindrome of the mig gene, 14 was prepared by annealing complementary synthetic oligonucleotides, 5′-GATCCATTTCACATAAACtccccGTTTATGTGAAATG-3′ and 5′-GATCCATTTCACATAAACggggaGTTTAT GTG Gene Therapy AAATG-3′ (the palindromic sequences are bold typed). These oligonucleotides were designed to allow the creation of a BamHI site flanking the palindrome after annealing. The generated fragment was phosphorylated using T4 kinase and ligated into the BamHI site of pBH-TK/gp91 according to standard procedures. 50 The pSF2/gp91 vector was constructed starting from plasmid pSF2n obtained from Dr S Seeber (Boehringer Mannheim, Mannheim, Germany). The 1025 bp NotIBamHI fragment, corresponding to the open reading frame for the neo-resistance gene, was substituted with a 29 bp synthetic linker containing the NotI-XhoI-BamHI restriction sites (5′GGCCGCACTGTCTCGAGTAGAACG GATCC3′). A 1900 bp cDNA fragment, corresponding to the gp91-phox coding region 11 was then cloned into the XhoI site.
Amphotropic pBH/gp91, pBH-CMV/gp91, pBH-TK/gp91, pBH-IRE-TK/gp91 and pSF2/gp91 stable-producer clones were generated by co-transfection of vector plasmids together with plasmid pSV2neo to allow for G418 selection. G418 resistant clones were isolated and analyzed for the production of vector viral particles. All vectors' titers were determined by measuring the number of proviruses formed 24 h after infection in the human 293 reference cell line, according to an already published competitive PCR procedure. 15 For pBabe-based vectors, we used already described primers and competitors. 15 For pSF2/gp91, we used primers SF1 (5′GTTGTCTCT GTCTGACTGTG3′) and SF2 (5′ATGAGGTCTCGGT TAAAGGT3′), that amplify a 222 bp fragment in the packaging signal sequence, and a 242 bp competitor fragment sharing the same sequence as the target amplification product with the exception of 20 bp insertion obtained by a previously described recombinant PCR procedure. 51 Plasmid pBL-minTK-CAT was constructed to evaluate the inducibility by IFN-␥ of the minimal TK promoter linked to the IRE element. The TK promoter fragment was cloned upstream the CAT cassette in the plasmid pBLCAT 3 (kind gift of L Banks, ICGEB, Trieste, Italy) to obtain plasmid pBL-␥IRE-minTK-CAT (Figure 2a) . The pBL-␥IRE-minTK-CAT plasmid was obtained by cloning the IRE element into the BamHI site of the pBL-minTK-CAT plasmid (Figure 2a ).
Transfection and CAT assay
For CAT assays, cells were transfected using 10 g of the pBL-minTK-CAT or pBL-␥IRE-minTK-CAT plasmids. Transfection in HeLa cells was performed according to the calcium phosphate co-precipitation procedure while HL60 cells were transfected using a modification of the DEAE-dextran method. 50 After 24 h, cells were split into two aliquots one of which received 1000 U/ml rhIFN-␥. After 24 h stimulation, cells were harvested for CAT assay.
Preparation of cell lysates and determination of CAT activity was performed according to the standard protocol. 50 Transduction of PLB985 X-CGD cells The myeloid cell line PLB-985 X-CGD, in which the gp91-phox gene had been disrupted by homologous recombination 10 were infected through co-culture with the four packaging cell lines for 2 days in the presence of 8 g/ml of protamine sulfate (Sigma, St Louis, MO, USA). The efficiency of transduction was evaluated by competitive PCR. Briefly, 10 6 cells were washed with PBS, lysed in 200 l of lysis buffer (Tris 10 mm pH 8.0, 0.5% NP-40, 0.5% Tween 100) and incubated 1 h at 55°C in the presence of 100 g/ml of proteinase K (Sigma). Quantification of the number of molecules of proviral DNA and of the ␤-globin reference cellular gene, was obtained by the PCR amplification of 5 l of the different cellular lysates in the presence of scalar amounts of specific competitor molecules, constructed as described above and in Ref. 21 using primers SF1, SF2, PCO3 and PCO4. Cells transduced with the pBabe vectors were either expanded without selective pressure or cultivated 4 weeks in the presence of 2 mg/ml of hygromycin B. This high concentration of antibiotic was determined experimentally and is related to the presence of an additional hygro-resistance gene in these cells, which had been used for disruption of the gp91-phox gene. 10 Granulocytic differentiation of these cells was obtained by treatment with 1 mm retinoic acid for 1 day followed by 5-day incubation with 0.5% dimethylformamide (DMF; Sigma), as described. 52 Isolation of individual PLB985 X-CGD transduced clones Single pBH/gp91-and pSF2/gp91-positive cell clones were obtained from the bulk transduced cells by limiting dilution. Cell cultures were seeded in round-bottom 96-well plates at an estimated dilution of 1 and 0.3 cells per well in RPMI medium supplemented by 50% filtered conditioned medium from PLB985 X-CGD cells. According to the Poisson distribution, it was estimated that developing clones obtained from the 0.1 dilution were obtained from wells seeded with single cells (fraction of positives: 0.25).
After 10 days in culture, cells were collected and analyzed for the presence of provirus sequence by competitive PCR using cell lysates. Proviral DNA and ␤-globin copy number were calculated using the above-described competitive PCR procedure. According to the values obtained, it was estimated that approximately one to two copies of proviral DNA per cell were present in all the analyzed clones.
Southern blot analysis
For Southern blot analysis of the single PLB985 X-CGD clones, DNA was extracted from 5 × 10 6 cells, restricted with the appropriate endonucleases, resolved by 0.8% agarose gel electrophoresis and blotted to 0.45-m poresize nylon membranes according to standard procedures. 50 In both cases, blots were hybridized to doublestranded DNA probes, corresponding to the packaging signal regions of pBH and pSF2n plasmids, labeled with ␣-32 P-dCTP by the random priming technique.
Superoxide production assay
The luminol assay testing for superoxide production was performed according to Porter et al. 53 Differentiated normal PLB985 and transduced PLB985 X-CGD cells were washed and resuspended in 1 ml of pre-warmed (37°C) Hanks' balanced salt solution (Gibco BRL Life Technologies, Paisley, UK) buffered at pH 7.4 with NaOH) at a final concentration of 10 6 cells/ml, in the presence of 9 U/ml of horseradish peroxidase. Luminol (Sigma) was added just before the first measurement at a final concentration of 9 mm. Chemiluminescence was monitored by a 1251 luminometer (Bio-Orbit; Labtech International, Woodside, UK). Measurements were performed at 150-s intervals for a maximum of 60 min at 37°C. Phorbol myristate acetate (PMA; Sigma) was used to activate the NADPH oxidase and was added after the first reading.
Isolation and transduction of hematopoietic precursors
Mononuclear cells were isolated from the light density cellular fraction of frozen bone marrow buffy coat samples by centrifugation through standard FicollHypaque (Sigma) discontinuous gradients. Enrichment for CD34
+ hematopoietic precursors was obtained using the Ceprate LC stem cell concentrator (CellPro, Wezembeek-Oppem, Belgium) according to the manufacturer's instructions.
Total mononuclear cells or CD34 + precursors were washed with HBSS supplemented with 5% fetal calf serum, resuspended at 5 × 10 5 /ml in Iscove's MDM supplemented with 20% fetal calf serum with the addition of rhIL3 (10 ng/ml), rhIL6 (10 ng/ml), rhSCF (50 ng/ml), and then incubated for 24 h in a humidified CO 2 incubator at 37°C. A fraction of cells was then collected by centrifugation and resuspended in PA317 producer cell line conditioned medium in the presence of the same growth factor mixture as above with the addition of protamine at 8 g/ml. Infection was carried out for 72 h. During this period, the retrovirus-containing medium was changed every 24 h to provide fresh retroviral particles.
Methylcellulose clonogenic assay
At the end of the retrovirus infection procedure, cells were collected, washed in HBSS with the addition of 5% FCS and incubated in methylcellulose medium for the clonogenic assay as described. 54 Briefly, 10 4 CD34 + cells were diluted in 1.5 ml complete methylcellulose medium (MethoCult GF+ H4435; StemCell Technologies, Vancouver, Canada) containing 0.9% methylcellulose in Iscove's MDM, 30% FCS, 1% BSA, 10 −4 m ␤-mercaptoethanol, 2 mm l-glutamine, 20 ng/ml rhIL3, 20 ng/ml rhSCF, 20 ng/ml rhIL6, 20 ng/ml rhGM-CSF, 20 ng/ml rhG-CSF and 3 units/ml of rhErythropoietin. All assays were performed in duplicate in 35-mm Petri culture dishes. Nontransduced control cells were subjected to the same manipulations as infected cells. Fourteen and 20 days after plating, colonies were examined, counted under an inverted light microscope, and scored according to established criteria. 54 
NBT assay
The NBT assay was used to evaluate O − 2 production by mature (20 days after infection) myeloid colonies in methylcellulose cultures and PLB 985 cells. For colonies staining, 1 ml of solution containing 0.1% of NBT and 1 mg/ml of PMA was layered over the culture. After 1 h, cells were fixed with 1% paraformaldehyde and colonies were immediately scored for the presence of blue staining under an inverted microscope and photographed.
